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Q as 20-t40 kHz and having a short high-power spike of about 80-150 nanoseconds followed by a low-power tail of about 0.05-12.0 
^ microseconds. The buists and/or laser pulses (80) can be shaped by controlling the RF pumping duty cycle, the delay between the 

onset of RF pumping and the initiation of Q-switching, the pulse repetition frequency, and/or the duration of the tail. 
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MTCROMACHINTNG WITH HTGH-ENERGY, TNTRA-C AVTTY Q-SWTTCHED CO2 LASER PUI.SES 



INTRA-CAVrrY Q-SWITCHED CO2 LASER PULSES 
Related Application 

[0001] This patent application derives priority from U.S. Provisional Application No. 
60/289,908, filed May 9, 2001 . 

Federally Sponsored Research or Development 
[0002] Not Applicable. 

Copyright Notice 

[0003] © 2002 Electro Scientific Industries, Inc. A portion of the disclosure of this 
patent document contains material which is subject to copyright protection. The copyright 
owner has no objection to the facsimile reproduction by anyone of the patent document or the 
patent disclosure, as it appears in the Patent and Trademark Office patent file or records, but 
otherwise reserves all copyright rights. whatsoever. 37 CFR § 1.71(d). 
Technical Field 

[0004] The invention relates to laser micromachining and, in particular, to 
micromachining layered or multimaterial substrates or devices, such as reinforced or 
unreinforced epoxy resin, FR4 or green ceramic, with a Q-switched CO2 laser. 

Background of the Invention 
[0005] Q-switched solid-state lasers are well known and have been demonstrated 
successfiiUy for many laser micromachining appUcations. However, micromachining 
parameters for Q-switched lasers, including their wavelengths (ranging from near infrared to 
deep' ultraviolet), pulsewidths, pulse energies, and pulse repetition rates, have still not been 
perfected for certain classes of layered organic, inorganic, and metallic microelectronic 
material constructions with respect to throughput and machining quality, such as cleanness, 
side wall taper, roimdness, and repeatability. 
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[0010] RF-excited CO2 lasers are the most common type of CO2 laser employed for 
microvia-diiUing applicatioiis. These lasers employ a radio-fr^uency (RF) electrical 
discharge to provide the excitation or "pump" energy that causes stimulated emission Scorn 
the CO2 molecules. The CO2 molecules, mixed with other gases, are sealed in a tube at 
pressures well below atmospheric (typically less than ICQ torr), and the RF discharge is 
typically applied across electrodes oriented perpendicularly to the axis of the laser cavity. 
RF-excited CO2 lasers produce pulses with relatively long pulsewidths, such as 3-50 
microseconds (jis), at moderate pulse repetition rates or pulse repetition frequencies (PRFs), 
such as 2-10 kHz with pulse energies in the 1- to 30-millijoule (mJ) range. The instantaneous 
power levels of these lasers are low to moderate, typically 1 kW or below, although leading- 
edge designs are approaching 2 kW. 

[0011] TEA CO2 lasers employ higher gas pressure (near or above atmospheric) and a 
DC electrical pump discharge that, as in RF-excited lasers, is applied across electrodes 
oriented transversely to the laser cavity axis. The main advantage of the TEA CO2 laser 
design is the short pulsewidth spike and the corresponding high instantaneous power that 
these lasers can generate. The high power is produced in a 100- to 150-ns spike followed by 
a low-power "tail" lasting up to several microseconds. Pulse energies in the hundreds of 
millijoules are typical. This combination of pulse energy and pulse spike duration results in 
extremely high peak instantaneous power, on the order of megawatts. However, because the 
laser beams exhibit many spatial transverse electromagnetic "modes," TEA lasers are not 
highly focusable like the other types of CO2 lasers, so much of the available pulse energy is 
either masked in the beam-delivery system or by the substrate itself, or both. Nevertheless, 
TEA lasers can produce vias of excellent quahty in FR4. Such vias exhibit glass fiber ends 
that are cleanly vaporized and flush with the via wall, and little or no over-etching of the 
surrounding polymer resin. Despite the advantages in via quality, TEA CO2 lasers suffer 
from the disadvantage of operating at low PRFs, typically 0.2-0,5 kHz. As a result, drilling 
speed and throughput are limited. 

[0012] Fast-axial-flow CO2 lasers have seen less application in commercial microvia- 
drilling applications. Unlike the RF-excited and TEA designs, the tube containing the CO2 
gas mixture is not sealed. Rather, the gas mixture flows rapidly through the tube, along the 
laser cavity axis. Although the gas is collected and recirculated, the need for an external gas 
reservoir is disadvantageous. Pumping excitation is accomphshed by either DC or RF 
discharge and is usually longitudinal for DC discharge and transverse for RF excitation. A 
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high flow speed is needed to avoid significant heat buildup in the gas while in the discharge 
region, so this designrequires additional gas-pumping equipment &at is not needed in t^^ 

sealed-tube designs. 

[0013] Despite the added complexity, fast-axial-flow CO2 lasers have become the most 
common industrial CO^ laser design for appUcations that require high average powa: 
(0 5-10 kW). such as metal cutting or welding. Application to via drilUng is limited by the 
large size and complexity of the laser. Most via-drilling work with these lasers has been 
aimed toward utilizing the Wgh average power that they generate and obtaining short puk^^^ 

such as 1-10 us. at moderate PRFs through the use of an external modulation device such as a 

shutter. 

[0014] For both RF-excited and fast-axial-flow CO2 lasers, the external modulator is 
required to obtain short pulsewidflis Cess than several hundred microseconds) needed for 
nricrovia-drilling operations! In the externally modulated configuration, the instantaneous 
power of these lasers is equal to their average power, which is relatively low. 
[0015] On the other hand, Q-svntched CO2 lasers have been used for some time in 
miUtary imaging radars but have not been appHed to material processing until recently. In "A 
High-Power Q-switched CCh Laser and Its Apphcation to Organic Materials Processmg," 
Proceedings of the International Congress on AppUcations of Lasers and Electro-Optics, 
Sakai T Iinai.H.,andMinamida,K.(1998).theauthorsreportusingaC02la^designthat 

employed a high-speed rotating chopper wheel to provide intracavity modulation. Hie basic 
resonator consisted of a fast-axial-flow RF-excited cavity capable of 2 kW continuous-wave 
(CW) output in TEMo, mode, which is not highly focusable. Hie eight sections comprising 
the discharge region of this laser are quite large, producing abeam 18 mm in diameter. Hie 
RF power supply, capable of continuous pumping at 1 5 kW power level, is also qmte large. 
[Om Sakai et al. used this laser to ablate fihns of polyethylene terephthalate (PET) and 
polypropylene (PP) and fomid ablation quality similar to that achieved wilh a TEA laser. The 
article concludes that "[a] Q-switched CO, laser will be an attractive tool for the industiial 
applications of polymer ablation such as the paint stripping or machining of the 
microelectronics device." 

<;nmTnarv of the Invention 
[0017] An object of tiie present invention is, therefore, to provide a high-pulse-energy, Q- 
switched CO2 laser and/or method for micromachining microelectronics manufacturing 
materials. 
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[0018] A process of particular interest is the drilling of small holes or microvias in 
multilayered, laminated substrates such as those used in high-density printed wiring boards 
and integrated circuit (IC) chip packages. FR4, for example, may be difficult to laser- 
machine for several reasons. First, the material is highly heterogeneous, particularly with 
respect to properties governing laser ablation characteristics such as melting and vaporization 
temperatures. Specifically, the vaporization temperatures of the woven glass reinforcement 
and the polymer resin matrix differ greatly. Pure silicon dioxide (Si02) has melting and 
vaporization temperatures of 1,970 Kelvin (K) and 2,503 K, respectively, while typical 
organic resins such as epoxies vaporize at much lower temperatures, on the order of 500-700 
K. This disparity makes it difficult to laser-ablate the glass component while avoiding 
ablation of too much of the resin surrounding individual glass fibers or in regions directly 
adjacent to fiber bundles. 

[0019] Second, most FR4 glass cloth is woven from bundles or "yams" of individual 
glass filaments. Filaments are typically 4 to 7 |im in diameter, and yams range from about 50 
|xm to several hundred microns ia diameter. The yams are generally woven m an open-weave 
pattem, resulting ia areas of high glass density where yams cross each other and areas of low 
or zero glass density, such as between adjacent bundles. Because the locations of vias cannot 
be selected a priori with respect to the weave pattern, the desirable via locations will vary in 
glass density. Thus laser niicromachidng process parameters that woik equally well in both 
high- and low-glass-density regions of the substrate are desirable. Process conditions that are 
"aggressive" enough to cleanly vaporize all the glass in high-density regions and at the same 
time are "mild" enough to avoid over-etching or removing too much resin in low-density 
regions have been difiScult to achieve with existing CO2 laser systems. 
. [0020] Laser-machining green ceramics poses concerns similar to those for processing 
FR4 due to the differences in the thermal properties of the organic binders and the ceramic 
microparticles. The disparity between the vaporization temperature of the binder (again, on 
the order of 500 K) and the ceramic (3,800 K for AI2O3) influences the way material is 
removed during laser drilling. Because ceramic has a high vaporization temperature, it is 
quite difficult to ranove green ceramic through direct melting (at 2,340 K for AI2O3) or 
vaporization of the microparticles, 

[0021] The preferred laser micromachining process instead reUes upon the explosive 
vaporization of the binder material holding the micro-particles together. When exposed to 
laser pulses, the binder vaporizes much more easily than the ceramic, and the organic vapor is 
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driven to high temperature at extremely high heating rates, creating localized high-pressure 
gas regions in the spaces between microparticles. The high-pressure gas then expands 
rapidly, disintegrating the green material. Thus the green ceramic material can be removed 
while in its soUd state with each laser pulse, at removal rates much higher than could be 
obtained by its direct vaporization. 

[0022] Material removal by explosive vaporization of the binder can be either 
advantageous or disadvantageous in laser-micromachining green ceramics. If the organic 
vapor pressure is too high or spread across too wide an area, undesirable effects such as 
chipping or microcracldng can occur. If the high-pressure regions are too locahzed or not hot 
enough, poor material-removal rates are achieved. 

[0023] In a preferred embodiment of the Q-switched CO2 laser employed in the present 
invention, an SPL-IOO-HE laser produces pulses sharing some of the characteristics of the 
TEA CO2 laser but is capable of delivering the pulses at much higher PRFs, such as 
20-140 kHz. The laser output features a short high-power spike of about 80-150 ns, followed 
by a lower-power tail, the duration of which is adjustable between about 0.05 and 12.0 |is. 
Pulse energies ranging from less than 1 mJ to greater than 20 mJ can be attained by varying 
the duration of the tail. Peak instantaneous power in the spike can be as high as, or higher 
than, 40-50 kW; while in the tail, the instantaneous power decreases slowly from about 1-2 
kW to less than 1 kW over about 5-10 jis. 

[0024] The laser output characteristics provide unique combinations of laser wavelength, 
pulse energy, pulse peak power, PRF, and pulsewidth (pulse duration) that are not available 
in any conventional laser micromachining system. The combination of high peak power, 
high pulse energy, very high PRF, and variable pulsewidth permits a great deal of flexibility 
in the manner in which laser energy is deposited m the target material and peraiits the target 
material to be removed with a degree of precision or "cleanness" and at high speeds 
previously unattainable with conventional CO2 laser systems. 

[002S] Due to the unique combination of pulse output characteristics generated by the 
high-energy Q-switched CO2 laser and the flexibility in tuning individual pulses, this laser is 
advantageous for solving the problem of drilling microvias m difficult substrates such as FR4 
or green ceramics. The heating rates of the organic binder, interstitial pressures, and the 
duration of each high-pressure event can be controlled by pulsewidth and the rates of energy 
deposition into, and heat transfer from, the substrate material The instantaneous power 
deUvered to the substrate throughout the laser pulse or from pube to pulse in a multipulse 
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burst can be used to govern these effects. Because this laser's pulses may be tuned for 
pulsewidth, peak instantaneous power attained during each pulse, and total pulse energy, the 
Q-switched laser's output characteristics offer a high degree of control of energy deposition 
and material-removal processes. This versatihty offers the potential for optimizing both 
micromachirdng quality (elimination of undesirable effects such as chipping or cracking) and 
diilling speed. 

[0026] Other laser micromachiniqg processes in which the speed of material removal and 
quality (precision) of nodcromachining are both important may also benefit. 
. [0027] Additional objects and advantages of this invention will be apparent from the 
following detailed description of preferred embodiments thereof, which proceeds with 
reference to the accompanying drawings. 

Brief Description of the Drawings 
[0028] FIG. 1 is a simplified schematic view of an embodiment of a preferred laser 
system of the present invention that includes a multiply folded waveguide gain cell in a 
resonator cavity. 

[0029] FIGS. 2 A, 2B, and 2C are graphs of instantaneous power versus time 
characteristics of three exemplary laser pulses, having different respective pulsewidths, 
obtained from the laser system employed in the present invention. 

[0030] FIGS. 3A, SB, and 3C are expanded graphs of instantaneous power versus time, 
showing details of the pulse tails of the laser pulses shown in FIGS. 2A, 2B, and 2C, 
respectively. 

[0031] . FIG. 4 is an exemplary timing diagram of various events during the generation of 
laser output. 

[0032] FIG. 5 is a graph of instantaneous power versus time for an embodiment of a laser 

output including a multipulse burst in accordance with the present invention. 

[0033] FIG. 6 is a graph of instantaneous power versus time for another embodiment of a 

laser output including a multipulse burst in accordance with the present invention. 

[0034] FIG. 7 is a graph of instantaneous power versus time for a further embodiment of 

a laser output including a multipulse burst in accordance with the present invention. 

[0035] FIG. 8 is a graph of iustantaneous power versus time for the laser output of FIG. 

7, modified to emit successively increasing pulse energies. 

[0036] FIG. 9 is a graph of instantaneous power versus time for the laser output of FIG. 
7, modified to emit successively decreasing pulse energies. 
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r>.^tai1ed DesCTi ptinn of Pref '^f^'^ Fmhodiments 
[0037] With reference to FIG. 1, a Q-switched CO2 laser system 10 of the present 
invention is pumped by a pulsed RF power or pumping source 12 such as those used for some 
conventional CO2 laser microvia-diilling systems. However, instead of using a conventional 
tube with a wide cross-sectional dimension for holding the CO2 gas mixture of the laser 
medium, laser system 10 confines the lasing medium in a narrow waveguide channel 1 4 in a 
gain ceU 16. U.S. Pat. No. 4,787,090 of Newman et al. describes an exemplary CO2 
waveguide laser. The laser employed in laser system 1 0 is presented herein only by way of 
example to an SPL-IOO-HE laser. Hie SPL-IOO-HE laser, the GEM-IOO-HE laser, the GEM 
3000 QS laser, and the Q 3000 laser, sold by CoherentA)EOS are currently the preferred 
embodiments, but other intracavity modulated CO2 lasers could be employed. 
[0038] Waveguide chamiel 14 constrams the number of modes propagated and imparts 
excellent spatial mode quality toagain cell outputl7,pemritting it to be formedintoahighly 

focusable beam of laser system output 18. The cross-sectional dimensions of the waveguide 
channel 14 are preferably on the order of several millimeters, such as 1-7 mm, and its cross- 
sectional shape is preferably square or rectangular with sharp or romided comers, but other 
shapes are acceptable. To increase the gain volume (the volume of gas in which lasing action 
occurs), the waveguide chamiel 14 is made quite long, preferably on the order of a meter or 
more m length, and folded to maintain compactness, withhigh-reflector surfaces 20 at each 
vertex. The waveguide channel 1 4 shown m HG. 1 has five folds or legs, but skilled persons 
will appreciate that numerous configurations are possible. 

[0039] ThewaveguidechannelUispackagedwithRFelectrodesandconduction 
(diffusion) cooling features, and a high-transmission seahng window 30 and a partiaUy 
transmissive output coupler 32 are situated at opposite ends of waveguide chamiel 14. TTiese 
features form a compact, sealed, highly efficient gain cell 16. When fitted with a high- 
reflector end rather than the transmissive window 30, the gain cell 16 can be operated 
independently as a continuous-wave RF-excited CO^ laser emittmg up to or even greater than 
about 40-50 W at about a 9.2- to 9.6-^m wavelength, preferably at about a 9.2-nm to 9.4-jmi 
wavelength, and more preferably at about a 925-m wavelength. This 9.2- to 9.6-^m 
wavelength range, although not as powerful as some spectral hues of the typical CO2 9-1 1 
Vm range, such as the 10.6-^m wavelength, is known to be more advantageous for 
micromachining the polymer materials commonly used in microelectronics substrates. 
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Skilled persons will £q)preciate that unsealed or nonwaveguide gain cells 16 could also be 
employed. 

[0040] An electro-optic modulator (EOM) module 36 is positioned outside the gain cell 
16 along an optical axis 38 between window 30 and a high-reflector element, also located 
outside gain cell 16, that forms a "rear mirror" 40 of the Q-switched resonator cavity 42. 
The EOM 36 primarily includes an electro-optic crystal transparent to far-infrared CO2 
laser radiation. Typically, when, in response to a switching signal, a high voltage (on the 
order of 2 kV) is applied to the crystal of EOM 36, the voltage produces a quarter-wave 
retardation that transforms the linearly polarized radiation emerging from the window 30 of 
the gain cell 16 into circular polarization. The circularly polarized radiation then impinges 
upon rear mirror 40, and the reflected radiation, which is circularly polarized in the 
opposite direction as the incident radiation, is passed by the EOM 36 to propagate in the 
forward direction (toward the gain cell 16) as radiation linearly polarized at 90 degrees 
phase retardation relative to the linearly polarized radiation emerging from the window 30. 
Along with a polarizing element on the window 30, EOM 36 acts to block forward 
propagation of the radiation. EOM 36 is thereby effectively "closed," and this blockage 
spoils the gain in the resonator cavity 42. When the switching signal is changed and the 
high voltage is rapidly removed from the EOM 36, EOM 36 is effectively "open," and 
optical gain quickly builds up within the resonator cavity 42 formed by the rear mirror 40 
and the output coupler 32. A Q-switched pulse is generated, and laser output 18 propagates 
through the output coupler 32. 

[0041] A beam positioning system 50 may direct laser output 18 with a variety of beam- 
manipulating components such as lens components, beam-directing reflectors (such as Z, 
Y, and X positioning mirrors), and/or a fast positioner 52 (such as a pair of galvanometer 
mirrors), positioned along a beam path 60 to a desired laser target area or position 72 on a 
wor]q)iece 62. Beam-manipulating components preferably include optical elements and an 
aperture mask placed at or near the beam waist created by the optical elements to block any 
undesirable side lobes and peripheral portions of the beam so that a precisely shaped spot 
profile is subsequently transferred to the work surface. In a preferred embodiment, the 
optical elements include a focusing lens and/or a collimating lens pair to add flexibility to 
the configuration of laser system 10. 
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based on provided test or design data. Skilled persons will also appreciate that a system with 
a single X-Y stage for workpiece positioning and a fixed beam position and/or stationary 
galvanometer for beam positioning may altematively be employed. 
[0046] A preferred beam positioning system 50 is described in detail in U.S. Pat. No. 
5,751,585 of Cutler et al. and may include Abbe error-correction means described in U.S. Pat. 
Appl. No. 09/755,950, filed January 5, 2001, of Cutler and in International Publication No. 
WO 01/52004 Al, published on July 19, 2001, and U.S. Publication No. 2001-0029674 
Al, published on October 18, 2001. 

[0047] A laser system controller 70 preferably synchronizes the firing of resonator cavity 
42 with the motion of stages 64 and 66 and fast positioner 52 in a manner well known to 
skilled practitioners. Laser system controller 70 is shown generically to control fast 
positioner 52, stages 64 and 66, and pulsed RF power source 12. Pulsed RF power source 12 
preferably includes a microprocessor that controls the RF pumping pulses or pumpiag spans 
and the drive electronics of EOM 36. Skilled persons will appreciate that laser system 
controller 70 may include integrated or independent control subsystems to control and/or 
provide power to any or all of these laser components and that such subsystems may be 
remotely located with respect to laser system controller 70. 

[0048] The EOM driver electronics and optical properties of the EOM 36 can be tailored 
in such a manner that the EOM 36 is open, Q-switching occurs, and optical gain is high when 
switching signal has an open state that applies high voltage to the crystal of EOM 36 and that 
the EOM 36 is closed, Q-switching does not occuir, and optical gain is low when the 
switching signal has a closed state that removes the appUcation of voltage to the crystal of 
EOM 36. This implementation has the advantage of not requiring the high voltage to be 
present whenever lasing is not desired, which is the majority of the time. This latter scheme 
is preferred for the laser system 10 of the present invention. The EOM 36 may be designed 
in accordance with the teachings of U.S. Pat. No. 5,680,412 of DeMaria et al. 
[0049] The use of the EOM 36 as an intracavity modulator has several advantages for 
laser micromachining applications. Since EOM 36 is located inside the resonator cavity 42, 
EOM 36 functions as a true Q-switch, spoiling the gain in resonator cavity 42 until the EOM 
36 is opened. This configuration facilitates generation of very short, high-peak-power laser 
pxilses 80 of stimulated emission energy, having waveform characteristics that include a "gain 
spike" 82 of peak-instantaneous power and a "tail" 84 of a range of local maximum 
instantaneous powers such as those shown in the laser pulses 80 of FIG. 2. For example, the 



11 



PCTAJS02/14865 

WO 02/090037 

,«erp.Ue80h.safUU-«ld*-h.tt-m«m.«m(FWHM)du«Sonofabout son, and peak 
'^n.powon«..oM.or^o«,owa^snc.as«.e,as.pu.seaSs.o™. 

e^„nandisno,con.,oll*lyvari«.*nngcnnv«tfooalUs«.p.ra^on. 

:::;::L,v^-^-.H. T^mcapa.m^u..ew.^e^* 

nncro„achiningprc«essm^hm»«e««»i.Umconv«*onalCO,U.er^ems. 

• . ..tnntlaserenergyduimgthe"tail"84ofthelaserpulses80.FIGS.2A,2b, 
contiBues to output laser energy uluui^ 
T,r rcoUettively no. 2) *ow«spectivepolsecnergi«.ft«:l3^P"l^ 80a, 80b, and 80o 

.pn..wM^ot5,8,.d:0.sand^cc«.p*»^-^^^^^^^^ 

under same operating eondiSon.. Wrflrrcference » HGS. 1 and 2. m 
,aiU84a,84b,and84e(eoUee«ve.y«ns84).r.cen.roll.dby«reamonn.onmeEOM3«rs 

!llasby.be«^ofappUcaHnnofbi*vo«age,o«»BOM36.As,ongas«. 

opi, dre las^ontput 18 ^ a«.a.,nud.lo«rin..an«neon.p»»^ 
ZIl aeb^evedinr^egainspikeSZ Fnrcnnveni»ce.*ebase,ine^ba«^. 
T d*, isdeno.edasaednrataofme««irelaserpulse80.S<>m.m.«..-of«^ 

LJ,^«dl.«.«nge*a.canbegenera.edfton.pre,er™i«nbod.n..^of«» 
,0isLabont0.3.aU,abou..2.0..S«nedperson=wiUappree.a.e,hnwe...«*er 

ld.en«p.n^.wave.orn>ebarac.eri.e3e^«ng.nnger.^^^^ 
e^be.cMe,ed™mnnnor™difications.o«>e driver e,ec«n,csof«..EOM^ 

FIGS. 3A. 3B. and 3C (coUecUvely HO. 3, show .he d-s of ^^ta 84^ 
rLof*e.3serpnlses80a,80b,and80cofF.GS.2A,2B,ar^2C,respecUvely. Abon. 

r!s^U«n,«r.8ai.spB.82,d.e,oca.rangeofnra^-iBS— po^e.^^^ 

2:^s«a.sa.abon.2.Wand.erea«ergradnaBydropa.abouUkWov.^^ 

10p.Tb»aepower,eve.ta«».aiU84are.^can.forn^enaIren.o^,-m 
^U^»P-«s«a.e.iaiasncb.a*egUssr.to*,roing«b«anrmFR5,or 



12 



wo 02/090037 



PCTAJS02/14865 



chopped glass reinforced epoxy resin or materials containing aramid fibers, such as Kevlar , 
or carbon fibers, such as in graphite epoxy. Because competing RF-excited CO2 laser drilling 
systems that claim capabihty to drill PR4 operate throughout their entire pulse duration at 
instantaneous power levels of only about 1.0-1.2 kW, the higher or comparable power levels 
in the tails 84 of SPL-IOO-HE pulses will also be usefiil for removing FR4 material. 
[0053] Another advantage of this invention is that the power level in the tails 84 can 
perform meaningful (controlled, precise) material removal. For difBcult-to-ablate materials 
such as glass reinforcing fiber, the total energy dehvered in each pulse must exceed some 
minimima value to cleanly remove the material of workpiece 62. Othenyise^ the material fails 
to reach its vaporization temperature, and solid material or melted and re-solidified "slag" 
remains in the via hole or cut kerf. However, if the energy is delivered at a low rate (i.e., a 
low instantaneous power), any particular value of the pulse energy may not be sufficient to * 
cleanly drill a micro via in workpiece 62. For example, an energy dose of 1 mJ delivered in 
repetitive 1-jis pulses (average instantaneous power of 1,000 W) may produce clean results, 
whereas the same 1 millijoule may not yield good results if delivered in lO-^is pulses 
(average instantaneous power of only 100 W). In the latter case, localized heat removal by 
conduction and radiation competes effectively with heat addition by absorption of the laser 
energy. The net result is that the material temperature does not climb high enough during the 
pulse to reach the value at which material is cleanly and rapidly removed fi-om the hole as 
vapor, as melt expelled by expanding vapor, or both. In this case, even large amoimts of 
energy (delivered in long pulses) will not produce clean drilling or material-removal results. 
[0054] On the other hand, if the energy deposition in the material occurs rapidly enough, 
localized heat gain dominates heat-loss effects, rapidly raising the material temperature and 
producing clean material removal. Therefore, not only is it desirable to deliver a certain 
minimum energy dose in each laser pulse 80, but the energy should preferably also be 
delivered at a high enough rate for advantageous micromachining effects to occur. Thus, 
throughout each laser pulse 80, the instantaneous power (whether spike or tail) should 
preferably be higher than some threshold value, or poor via quality will occur. The threshold 
value is highly dependent on the substrate material being drilled and, to some extent, on the 
wavelength used to drill it. In the case of heterogeneous materials such as FR4, the threshold 
instantaneous power differs greatly between the glass fibers and the resin (e.g., epoxy) 
matrix, evidently due to the disparity in the vaporization temperatures that must be reached 
during the finite duration of the laser p\ilse 80 in order to cleanly expel the material. 
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W in the case of the SPL-IOO-HE) at a higher duty cycle may be employed to extend the gain 
curve (FIG. 7) to accommodate additional laser pulses 80 of useful energy to perform the 
operation in one burst to avoid the throughput detriment of waiting through an RF OFF span 
during the given operation. Skilled persons will ^preciate that the RF pumping level may 
alternatively be controllably variable over a large range of pumping levels. 
[0059] FIG. 4 presents an exemplary timing diagram of the various events involved in the 
firing of a preferred embodiment of the laser system 10, employing an SPL-IOO-HE laser.' 
For convenience, the laser pulses 80 in FIG. 4 are depicted as simple vertical lines and Xbase is 
not shown. With reference to FIG. 4, parameters for implementation of a preferred 
embodiment of laser system 10 to obtain preferred waveform characteristics include: 
[0060] A pump cycle period, Trf, of the RF pump cycle (combined RF ON and OFF 
times) of preferably about 0.5-3 ms, more preferably about .0.75-2 ms, and most preferably 
about 1.00 ms; 

[0061] An RF pumping window or span, tRp, which is the time the RF is ON, of 
preferably about 50-300 ^s, more preferably about 50-250 |is, and most preferably about 75- 
125 jis, such as about 100 jis; 

[0062] An RF duty cycle, DC, defined as tmr/TRF,, of preferably less than 30%, more 
preferably less than 20%, and most preferably less than 12.5% for the SPL-IOO-HE at an 8 
kW pumping power level; 

[0063] A pulse number, n, in a set or biurst of Q-switched laser pulses 80 generated 
during each RF pumping span or "burst," wherein the pulse niunber is preferably firom 1-50, 
more preferably firom 1-10, and most preferably fix>m 2-8; 

[0064] A burst number, m, of RF pumping spans or laser pulse bursts used to drill each 
via or material layer of via, wherein the burst number is preferably fcom 1-10, more 
preferably fi:om 1-5, and most preferably firom 1-2; 

[0065] A PRF of Q-switched laser pulses 80, wherein the PRF is generally greater than 
20 kHz, preferably greater than 75 kHz, more preferably greater than 100 kHz, and most 
preferably between about 100 kHz and 150 kHz or greater, and wherein the condition (xbase x 
PRF) < 1 is necessary to avoid pulse-to-pulse collisions; and 

[0066] A delay, 5, between the onset of RF pumping and the switching of the first Q- 
switched laser pulse 80, wherein the delay is preferably firom 5-150 jis and more preferably 
from 1 0-1 00 jis such that 5 < tRp , and wherein, by varying this delay, the profile of pulse 
energies and the amplitudes of the peak instanteous powers in an n-pulse burst can be 
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[0070] To extract the highest possible Q-switched pulse energies, the laser system 10 is 
run with n = 1 and 5 set to 5*. However, at this condition, the laser pulses 80 are repeated at 
the frequency of the RF pulses, 1/Trp, which is relatively low (e.g., 1 kHz iii the example 
above). Generally, the laser RF pumping spans cannot be cycled faster than about 2.5 kHz 
due to gas-heating thermal effects; thus the highest individual pulse energy and the highest or 
maximum amphtude of peak instantaneous power is obtained by sacrificing processing speed. 
[0071] An alternative to employing an RF burst containing a single laser pulse 80 is to 
generate bursts of multiple laser pulses 80 (i.e., n > 1), in which each laser pulse 80 does not 
have the largest possible pulse energy for the selected pulsewidth Tbase, but the total energy of 
the n-pulse burst can be greater and can be deUvered very rapidly within a single RF pumping 
span, lasting for about 100 |as, for example. 

[0072] If a single burst is sufficient to drill a via (i.e., m = 1), then the drill time is equal 
to tRjF. If more than one burst is required (i.e., m > 1) to obtain the desired via characteristics 
or other imcromachioing effects, then the drill time is equal to Trf * (m - 1) + tRp. For 
exemplary time durations given above, a two-burst drill process would take 1.10 ms and a 
three-burst drill process would take 2.10 ms. If each burst has, for example, 3 to 8 pulses, 
then the two-burst process delivers 6 to 16 pulses per via, and so on. In comparison, for n = 
1 , at the laser's maximum RF cycle frequency of 2.5 kHz, it would take at least 3.6 ms to 
deUver 10 pulses to the substrate material. This example illustrates the significant increase in 
speed that is possible with burst processing. This sacrifice in individual pulse energy for n > 
1 is a worthwhile compromise when drilling materials such as unreinforced organic resins or 
FR4. In a preferred embodiment, the RF OFF span is chosen to be equal to or slightly greater 
than the hole-to-hole move time of a given positioning system for a given laser operation 
employing few RF bursts per target, then the RF superpumping level and pumping span are 
optimized to suit throughput and process quality considerations. In a preferred embodiment, 
the RF supeipimiping level is maxinuzed to the extent that the gain curve is not adversely 
shortened and permits an adequate number of usefiil laser pulses 80 to be extracted during the 
RF pumping span. Skilled persons will appreciate that it may be desirable to keep the RF 
power cycling at a constant frequency and power level during long moves when no laser 
pulses 80 are extracted. 

[0073] FIGS. 5-7 show exemplary cases of bursts of multiple laser pulses 80 in which 8 is 
set to 5*. The parameter 6 plays a role in the energies of bursts of multiple laser pulses 80 (n 
> 1), as well as in the energies of bursts having a single laser pulse 80 (a = 1). For n > 1, 
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there is also an optimal value of 5. again called 5*. that yields the maximum total energy of 
the aggregate of n pulses. These figures also demonslxate the effects of parameters tbasc and n 
on individual pulse waveform characteristics such as energies and peak instantaneous power 
levels, as well as the effect on aggregate energy of the n-pulse bursts. 
[0074] no. 5 depicts an RF pumping span of 90 )is, in which a burst of five laser pulses 
80f-8qj . each having a T.as. pulsewidth of 5 .0 ,xs, at a PRF of 60 kHz is initiated after a delay 
of25ns. TheburstsofRFpumpingenergyweredeUveredataburstrepetitionrateoflkHz. 
The aggregate energy deUvered in the burst is 34.2 mJ, and individual pulse energies for laser 
pulses SOm are 5.19 mJ. 8.05 mJ, 8.81 mJ, 8.02 mJ. and 4.15 mJ, respectively. The pulse 
energies and instantaneous peak power levels are well below those of the burst containing the 
single pulse 80a of 5 us shown in ¥IG. 2. Hiis example illustrates the differences between 
the single and multiple pulse bursts previously discussed. 

[0075] FIG. 6 depicts an RF pumping span of 90 (is, in which a burst of five laser pulses 
80k-80o, each having a pulsewidth of 10.0 us, at a PRF of 60 kHz is initiated after a 
delay of 20 lis. The bursts of RF pumping energy were delivered at a burst repetition rate of 
1 kHz. The aggregate energy delivered in the burst is 42.3 mJ, and individual pulse energies 
for laser pulses 80k-80o are 5.50 mJ, 7.88 mJ, 9.96 mJ, 11.06 mJ. and 7.93 mJ, respectively. 
With reference to FIGS. 5 and 6, although the individual pulse energies are larger m the 
longer t^. lOjis laser pulses 80k-80o of FIG. 6, the instantaneous peak powers achieved in 
laser pulses 80k-80o of FIG. 6 are lower than those of the Tbase= 5 us laser pulses 80f-80j of 
FIG. 5 under nearly the same given conditions (except for a small difference in the delay). 
Hus comparison shows that adjusting the aUows a shift in the distribution of pulse 
energy between the gain spikes 82 and tails 84 of each laser pulse 80. The longer laser pulses 
80k-80o contain less energy in the gain spikes 82k.82o and substantially more energy in the 
tails 84k-84o. On the other hand, shotening the tails 84 permits the CO2 gain medium more 
time to re-chaxge between laser pulses 80, yielding higher instantaneous peak power in the 

gain spikes 82. This type of fine-tuning of the waveform characteristics including the total 
pulse energy and the comparative energies between gain spikes 82 and tails 84. faciHtated by 
varying the x,ase in accordance with the present invention, is significantiy advantageous for 
controlling the quality of micromachining processes such as via drilling andmore specifically 
for controlling material-removal mechanisms in difficult materials such as FR4 or green 
ceramics. 
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[0076] FIG. 7 depicts an RF pumping spaa of 100 jis, in which a burst of 1 1 pulses 80p- 
80z, each havhig a Xbase pulsewidth of 5.0 jis, at a PRF of 1 10 kHz is initiated after a delay of 
10 (IS. The bursts of RF pumping energy were delivered at a burst repetition rate of 1 kHz. 
The aggregate energy delivered in the burst is 41.9 mJ, and individual pulse energies for laser 
pulses 80p-80z are approximately 0.5 mJ, 2.07 mJ, 3.24 mJ, 4.10 mJ, 4.80 mJ, 5.28 mJ, 5.60 
mJ, 5.42 mJ, 4.94 mJ, 3.87 naJ, and 2.22 mJ, respectively. With reference to FIGS. 6 and 7, 
as the number of laser pulses 80 in each burst increases, the individual pulse energies and 
instantaneous peak power levels of each laser pulse 80 decrease, even though the aggregate 
energy delivered in the burst increases. Thus the number of laser pulses 80 delivered in each 
burst can be tailored to accommodate specific laser and material interactions, such as those 
that favor fewer laser pulses 80 of higher energy and instantaneous peak power or those that 
favor more laser pulses 80 of lower energy and instantaneous peak power. 
[0077] With reference again to FIG. 7, the effect of the delay 6 is discussed in greater 
detail. In FIG. 7, the 1 1 laser pulses 80p-80z display a range of amplitudes for peak 
instantaneous power, starting low, building to a maximum, and then decreasing toward the 
end of the RF pumping span tRp. The amplitudes of the peaks of the gain spikes 82p-82z 
trace out a time-dependent "gain curve" which is a characteristic of the laser gain cell 16. 
Careful inspection of FIG. 7 reveals that the range of local maximum tail ampUtudes of the 
instantaneous power of the tails 84p-84z of the laser pulses 80p-80z follows a similar pattem. 
The explanation for this gain curve has to do with the time dependence of the energy transfer 
processes occurring in the CO2 gain medium of the gain cell 16. 

[0078] After a short delay following the RF pumping start time, littie energy has been 
transferred from the electrical excitation to the excited vibrational states (the "upper state 
level") of the CO2 molecules. Hence, if a pulse extraction start time is requested after a short 
delay, little energy is available in the CO2 lasing medium and the resulting laser pulse 80 has 
low amplitude and low energy. As the RF excitation proceeds through a delay of 
intermediate duration, the CO2 laser medium becomes more fully excited, i.e., the upper-state 
energy level becomes more fully populated. Fully populating the upper-state energy level 
may, for example, take 30-60 |is, depending on gas mixture, pressure, and characteristics of 
gain cell 16. Hence, for a pulse extraction start time at an intermediate delay after the RF 
pumping start' time, an optional maximum instantaneous power amplitude and pulse energy 
can be extracted m a Q-switched laser pulse 80. For a pulse extraction start time at a long 
delay after the RF pumping start time, the addition of still more RF pump energy begins to 
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[0082] Skilled persons will appreciate that there are many more possible ways to vary the 
pulse energy, the peak power, and the timing of the delivery of laser energy to the target areas 
72 of workpiece 62 in addition to the various combinations of the parameters in FIG. 4. For 
example, the PRF does not have to be held constant and can be modified between or even 
during pumping spans, such as by ramping up or down, to efiFect changes in the amplitudes of 
peak instantaneous power in the gain spikes 82 and energies of the laser pulses 80. 
Similarly, the pulsewidth Xbase does not have to be held constant between or even during 
pumping spans and can also be used to effect changes in die peak instantaneous powers of 
gain spikes 82 and energies of the laser pulses 80. The fundamentals of the effects of 
varying these parameters on the gain cell output 17 provide a degree of control achievable 
and a tunability of the laser system output 18 heretofore unavailable for CO2 and other gas 
lasers, as well as increased processing speeds. 

[0083] In a further example of versatility, a single RF pumping span can be used to 
deliver two or more pulse bursts each having the same or different number of one or more 
laser pulses 80. One way that this technique can be accomplished is by keeping the EOM 36 
closed for a long enough period after a pulse burst to recharge sufficiently for a subsequent 
burst within the same pumping span. The EOM 36 can be controlled to provide such pulse 
bursts having the same or different pulse burst periods, same or different pulse burst numbers, 
same or different pulse burst energies, and/or the same or different tail durations. The delay 
betweea the first and second pulse bursts can be adjusted to adjust the height of the peak 
instantaneous power of at least the first laser pulse 80 of each subsequent pulse burst. In 
addition, the PRFs of the laser pulses 80 in each of the pulse bursts can be the same or 
different. 

[0084] One set of examples of how specific micromachining processes can be optimized 
for specific substrate materials through laser-tuning in accordance with the present invention 
is presented by way of example to microvia-drilling tests conducted by an SPL-IOO-HE laser 
employed in laser system 10 on FR4 workpieces 62. The FR4 used in the following 
examples had a construction designated 1x1080 and included a glass-cloth-reinforced epoxy 
resin layer nominally 63 ^im thick sandwiched between copper layers 18 fim thick. The top 
copper layer had 150-|im openings pre-etched in it at each via target area 72. The optical 
system of laser system 10 was adjusted to produce a circular focused laser spot at the work 
surface about 250 (im in diameter, so that the 150-|im etched openings m the top copper layer 
would function as a conformal mask for the beam. Drilhng was conducted in a typical 
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^ ,t 1 8 dwelling at each via target area 72 for a progranimed 
fashion, withthelasersystemoutputlSdwellmgat ^,^tra- . 

.^beroflaserp.lses80orburstsandthen.ov.gto^nex^.^^^^^^ 

, A^w.r. flip via^ such as trepaiming or spiralling , woo 

viabe^motion(mot.onw.thmthevaa),suc J^^^^^^^ ^^^^^^^^ 

theprocess. This stationary-beam approach is often referred 

literatureas-percussiondrilling-or'^unching." This first pulsewidth ...e 

. , • M-m there is another problaiiirten attempting to 

,.,,«..,^v..yfl.s>>-*=epoxyvia»*^.top*<^ 
„o.s»«oien.the^..isno,c,eanIyvap„riz^.J--42-^-*-^j^^ 

hole, and r=-soUdiiy into large spherical knobs at the fiber ends. Ttaa 
MgeometryforthedrilWholes. , ,„.„™4 i«, system 10 employed 

^ ^--^-^'^-""'^^'7^'^rsrirhal.apalsewid.h^of 
pa„meters*atinclud«dtwob„rs,aotfivelaserpnlses30,^hto™.gj 

™«„fffll«fe n,edelayandburstrepetition6equency»eresetaia 
0.5^s.ataPKFof«)kHz.Tbe<le y .. laser p»lse 80 of each burst, 

produce a ped. power ampUtnde of the gam spike 82 of the firs 
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[00S8] After two five-pulse bursts, electron micrographs of the FR4 revealed vias with 
side walls that were very clean, with good taper, no protruding fiber ends, and no re-solidified 
glass knobs. However, the electron micrograph showed that in high-glass-density regions, 
not all of the glass had been removed from the bottoms of the vias. After three five-pulse 
bursts, electron micrographs revealed results that were substantially the same. When the 
burst number m was increased to four, electron micrographs revealed that the glass had been 
removed from all the holes. However, a cross-sectional view revealed that resin had begun to 
etch back from the rim of the opening in the top copper. This "etchback". is an unacceptable 
hole geometry. The transition between incomplete glass removal and onset of etchback when 
increasing the burst number m Scorn three to four suggested that longer laser pulses 80 might 
present a larger processing window for FR4 target material. Although the ablation was very 
clean, with minimal difference in material-removal rates between the glass and the epoxy, an 
investigation into longer laser pulses 80 was undertaken, rather than running additional trials 
to further fine-tune a short-pulse process. Such refinements of short laser pulses 80 might 
include, but are not limited to, reducing the number of pulses to foiu: and applying four 
bursts, increasing the number of pulses in each burst to six and applying three bursts, and/or 
changing the delay so that the results are better with three or four bursts, for example. 
[0089] In an experiment employing longer laser pulses 80 for drilling 1x1080 FR4, laser 
system 1 0 employed parameters that included two bursts of five laser pulses 80, each having 
a pulsewidth Xbase of 5.0 jis, at a PRF of 100 kHz. The delay and burst-repetition frequency 
were set at a level to produce a peak power amplitude of the gain spike 82 of the first pulse 
80 of each burst. After a single five-pulse burst, electron micrographs of the FR4 revealed 
via side walls that looked good but had ass remaining in the vias located in high-glass- 
density regions of the workpiece 62. After two bursts, electron micrographs revealed 
noticeable etchback in the resin near both the top and bottom copper. The results suggested 
that a larger processing window might be obtained with laser pulses 80 of an intermediate 
pulsewidth. 

[0090] In experiments employiag laser pulses 80 of intermediate pulsewidths of 1 .8 |is 
and 3.2 ^is, respectively, for drilling 1x1080 FR4, laser system 10 employed parameters that 
included two bursts of four laser pulses 80 at a PRF of 100 kHz. At these two pulsewidths, 
process conditions were found in which electron micrographs revealed good via-wall quality, 
no etchback, and complete removal of the glass fit)m the via sites throughout the substrate. 
Electron micrographs after two bursts of 1 ,8-|lis pulses revealed acceptable via-wall 
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d^racteristfcs with large (ap« and gla. remaWg in ft. hole, in high-gla.=-d.nsi.y 
regions. However, electtonnncrographs after teee bursts of 1.8-,s laser pulses 80 revealed 
accepttblevia^res„lB.ineludingremoval of all glass intehrgh-glass-dens-ty 

regions Hgk- and low.gla.SHlensi<y regions Having cleanly ablated ends of fhe glass fibers 
flush v^fl. .he via wails, good via-«aU characteristics, nrinimallnob fornrationon the fiber 

ends, nmmnal aper. and onninral etcbback of fhe nnreinforo«l resin (in low.glass^ens..y 
3reas)6om.he rimof the openingina^etop copper layer. Hectronnncrographs after four 

bursts of 1.8-ps laser pulses 80 revealed significant etchback. 

lOOMl Electron nucrographs after two bursts of 3>^s laserpnlses 80 revealed 

seceptable viMlrilling results, inotading removal of all glass h. the Mgh-glass-densrty 

regions, high- and low-glass^ty region. ha«ng cleanly ablated ends of th. glass fibers 

flush wifhthe via walls, good via.wan*aract=istics,nunin>altaobfo.nu«i^ 

ends, nnninral taper, andnuninud etchback of the unreinforced resin Cm lo«-glass.lensrty 

areas)ftoMtherimottheope.ingmthett,pcopper layer. Electron nncrographs after three 

bursts of3.2-ns laser pulses 80 revealed significant etchback. 

[0092] Theseexemplaryexperimentsdiscussedaboveillusbatehowthehighpulse 

amplittde and energy affimWbytheburstprocessingtechnique and lire tunabrhty of the 

l^ers,stemlOinaccordancewifhthepresentinv«.tioncanbeusedtofind.sohtiontothe 

difflcultproblemotrobustlydrillingnucroviasinFR4materi=ls.Skilledpen»ns win note 

« fhe only pannneters varied to a significant extent in these exp«iments were the 
pulsewidth, ^. and the number of bursts apphed, m. These examples present, therrfore. 
only a quick investigation to demomtrate that «>e gross characteristics of fire laser output 18 
are suitable for FR4 drilling applicafions. The other tmtabiUty parameters prevrously ^ 
discussed can be adjusted to fine-tnne results to accommodate specific mataials or vanabons 
within particular materials. 

[00931 m addition, the tunabiUty of the laser system 10 of the present invention can be 
^toniachinelhroughthe top metal layerofthevias. so the targets do nothave tobepre- 

etchedlnanotherexemplaiy experiment, with parameters Tb.e- 10 ns,n l,m l,anda 
burst energy(andpulse energy sincen=l)ofl3.971mJ with the delayadjusted to optmuze 
thepeakpoweramplitudeofgainspike82,lasersysteml0wasabletocutsn.aU-diameter 
holes(about80-^mdi^eter)throughathinlayerofcopper(havingablack oxide ^^^^^ 
Similarly,withparametersx^e=14.2ns.n=l,m=l.andaburstenergy(and pulse energy 
sincen=l)ofl6.227mJwithfhe delay adjusted to optimize the peakpoweramphtudeof 
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gain spike 82, laser system 10 was able to cut small-diameter holes through thin-layer copper, 
hi another exemplary experiment; with parameters tbase = 5.0 p.s, n = 2, m = 1, and PRF = 100 
kHz, laser system 10 was able to cut better and more consistent holes through copper layers 
when delays of 45 jis, 65 ^s, and 85 ^is with respective burst energies of 14.081 mJ, 15.402 
mJ, and 13.971 mJ were employed. 

[0094] Several via-drilling strategies for throughput enhancement can be presented in 
light of these few exemplary expmments and the other tunabilty aspects previously 
discussed. For example, for drilling blind vias where the top metal layer has been pre-etched, 
1-3 bursts of 2-1 1 laser pulses 80 could be employed for removing the nonmetallic interlayer. 
The later bursts or pulses can be tailored to have energies below the damage threshold of the 
bottom metallic layer. For example, the first burst might contain pulse profiles that include 
fewer laser pulses 80 of the highest-amplitude gain spikes 82 while the second burst might 
contain a large number of laser pulses 80 in which the gain spikes 82 are primarily 
sequentially descending, such that the energy density of the laser pulses 80 decreases as the 
drilling process approaches the bottom metal layer of the via. For certain material processing 
applications, it may be desirable to ^ply only the gain spikes 82 of laser pulses 80 by using 
the EOM 36 to cut off the tails 84, for example, at the beginning or end of a multiple burst 
process and to apply laser pulses 80 with both spikes 82 and tails 84 during different phases 
of the machining process, and perhaps even minimizing the peak instantaneous power of the 
spikes 82 of the latter laser pulses 80. 

In another example, for drilling blind vias where the top metal layer has not been 
pre-etched, 1-3 bursts of 1-3 laser pulses 80 could be employed to provide energy densities 
above the metal-ablation threshold to remove the top metallic layer, and the nonmetallic 
interlayer can be processed as described above. Hence, one, several, or all of the tunabilty 
parameters can be changed between each burst. For example, one or more bursts having 
laser pulses 80 of a long tail duration generated at a high repetition rate may be employed 
to process the top metallic material and one or more bursts having laser pulses 80 of a 
shorter tail duration at a lower repetition rate may be employed to process the underlying 
nonmetaUic material. Additionally or alternatively, the shorter tail duration pulses 80 may 
be shortened to the extent that they primarily contain spike energy. For example, such 
pulses may be delivered at a repetition rate of greater than 100 kHz and deUvered in bursts 
of 15 or even 25 or greater pulses. Additionally or alternatively, the metal-processing 
bursts may contain fewer laser pulses 80 than the nonmetal-processing bursts, and the burst 



25 



PCT/US02/14865 

WO 02/090037 

nxay contain the same or different amounts of energy. AdditionaUy or alternatively, the 
delay in the nomnetal-processing burst may be shorter than that in the metal-processing 
burst. Additionally or alternatively, the nonmetal-processing burst may have a duty cycle 
that is higher than that of metal-processmg burst. 

[0095] With respect to through-hole via drilling, burst and pulse proffles that maximize 
throughput through the metal layers may be employed for all layers, so long as the via quality 

through the nonmetallic interlayer is acceptable. Because theburst durations are long 
compared to the pulsewidths and because superpumping the gain ceU 16 during the RF 
pumping spans may impact the frequency of bursts, for throughput considerations it is 
desirable to minimize the number of bursts used to process each via. For example, for most 
applications, itwouldbepreferable to employ fewer bursts ofmore laser pulses 80 rather 

thanmore bursts offev^erlaserpulsesSO. TTius application of sUghtly longer but lower 
superpumping power RFinburstsdeHveredatahigher duty cycle and containing more laser 

pulses 80 may be employed to minimize the number of bursts to accomplish a laser 
machining operation. In addition or in the alternative, the higher superpumping power could 
be maintained and the RF OFF span could be decreased during laser operations employmg 
multiple RF burst, over a single target area 72 and then the RF OFF span could be increased 
during target-to-target move times. Skilled persons will also appreciate that to ehmmate 
extra set(s) of hole-to-hole move times, it is preferred to employ a single-pass process m 
which one via target area 72 is completelyprocessed, even whenparameterchangesbetween 

bursts are desired, before directing the laser output 18 to a second target area 72. 

[00961 SldUedpersons will appreciate, however, that for all multimaterial processes, two 

or more passes couldbe employed wherein all the via target areas 72 are processed atasingle 

set of parameters and then the parameters are adjusted and all the viatarget areas 72 are 
processed at the subsequent set of parameters. 

[0097] m yet another example of versatiUty, the laser system 10 can be operated in a 
nonsuperpumping CW mode in which the duty cycle is 1 00% as weU as in the RF burst- 
pumped, superpumping mode. Bo1hmodescanbeappUedtothesametargetarea72. In 
some instances, laser pulses 80 produced by a superpuming mode can be apphed to one 
material, such as copper, and then the laser system 10 can be run in CW mode to apply CW- 
EOM-switched laser pulses of an unlimited number to another material, such as dielectnc. 
Alternatively, some target areas 72 could be processed in the superpumping mode and other 
target areas 72 on the same workpiece could be processed by in the CW mode. For example, 
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the superpumping mode could be employed to process reinforced resins and the CW mode 
could be employed to process unreinforced resins or larger diameter vias where nonpunching 
operations, such as spiraling may be preferred. Altematively, the superpumping mode could 
be employed for some operations, such as via drilling, and the CW mode could be err^loyed 
for other operations such as cleaning or cutting. 

[0098] The top and/or bottom metal layers can alternatively be drilled with a second laser 
or laser head such as a diode-pumped solid-state UV YAG laser. The two dijBferent laser 
systems could be adapted to form part of a cluster tool. An exemplary implementation of 
multiple laser heads in a positioning system is described in detail in U.S. Pat. No. 5,847,960 
of Cutler et al. Exemplary diode-pumped solid-state UV YAG lasers are described in detail 
in U.S. Pat. Nos. 5,593,606 and 5,841,099 of Owen et al., in U.S. Pat. Appl. No. 09/580,396 
of Dunsky et al. and the corresponding International Publication No. WO 00/73013, and in 
U.S. Pat Appl. No. 09/823,922 of Dunsky et al. and the corresponding International 
PubUcation No. WO 00/74529 and U.S. Pat. Pub. No. US-2001-0045419-A1. 
[0099] Skilled persons will appreciate that trepanning during bursts could be employed 
but is not presently preferred. However, overlap punching with laser system 10 can be 
employed to cut lines in green ceramic tape. Skilled person will also appreciate that although 
the description is largely directed toward processing unclad or copper clad reinforced resin or 
reinforced organic dielectric materials, the laser tunability techniques described herein can 
used to machine unreinforced materials as well as other dif&cult to process materials. 
[00100] It will be obvious to those having skill in the art that many changes may be made 
to the details of the above-described embodiments of this invention without departing from 
the underlying principles thereof. For, example, the bursts and/or laser pulses 80 can be 
shaped by controlling any combination of one of more of the following parameters: the RF 
pumping duty cycle, the delay between the onset of RF pumping and the initiation of Q- 
switcbing, the pulse repetition frequency, and/or the duration of the tail. The scope of the 
present invention should, therefore, be determined only by the following claims. 
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6. The method of claim 5 in which the profile comprises sequentially increasing 
peak instantaneous powers. 

7. The method of claim 5 in which the profile comprises sequentially decreasing 
peak instantaneous powers 

8. The method of claim 1 , in which the Q-switch includes an electro-optic 
modulator. 

9. The method of claim 4, in which the laser pulses are generated at a pulse 
repetition firequency of between about 20 to about 300 kHz. 

10. The method of claim 4, in which the laser pulses are generated at a pxilse 
repetition firequency of greater than 30 kHz. 

11. The method of claim 1, in which each laser pulse has a spike duration of about 
80 to about 150 nanoseconds and a tail duration of about 0.05 to about 15 microseconds. 

12. The method of claim 4 in which at least one spike comprises a peak 
instantaneous power of greater than 25 kW and in which at least one tail comprises a local 
range of tail instantaneous powers of greater than 0,5 kW. 

13. The method of claim 1 in which at least one spike comprises a peak 
instantaneous power of greater than 35 kW and in which at least one tail comprises a local 
range of tail instantaneous powers of greater than 1 kW. 

14. The method of claim 1 in which the tail comprises more energy than that of 
the spike. 

15. The method of claim 1 in which supplying pumping energy comprises 
providing RF pumping energy during the pumping span. 

1 6. The method of claim 1 5 in which the RF pumping energy comprises a 
pumping power that is greater than or equal to about 4 kW. . 

17. The method of claim 16 in which the RF piumping energy comprises a 
pumping power that is greater than or equal to about 8 kW: 

18. The method of claim 1 in which the pumping span hdis a duration of about 50 
to 250 microseconds. 

19. The method of claim 1 in which the pumping span and a nonpumpinjg interval 
form a pumping cycle that has a duration of about 0.5 to about 2 milliseconds. 

20. The method of claim 1 9 in which the duration of the pumping span divided by 
the diuration of the pump cycle constitutes a duty cycle that is less than or equal to about 25%. 
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21. The method of claim 20 in which the duration of the pumping span divided by 
the duration of the pump cycle constitutes a duty cycle that is less than or equal to about 
12.5%. 

22. The method of claim 1 , further comprising: 

supplying pumping energy to the gas gain medium during at least two non- 
overlapping pumping spans, wherein each of the pumping spans supports respective laser 
outputs, each laser output comprising aburst of at least two laser pulses. 

23 . The method of claim 22 in which at least two of the bursts are directed at a 

singje target area to form a via. 

24. The method of claim 1 in which the gas gain medium is employed in a 
waveguide channel positioned within the resonator cavity between the Q-switch and an 
output coupler along an optical path and in which the Q-switch comprises an electro-optical 
modulator. 

25. The method of claim 24 in which the wavegiude channel includes at least one 
fold with a fold mirror positioned along the optical path. 

26. The method of claim 25 in which the waveguide channel is sealed and 

contains tiie gas gain medium. 

27. The method of claim 1 in which the each laser pulse is highly focusable. 

28. The method of claim 4 in which the laser pulses comprise a wavelength 

between about 9 and 1 1 microns. 

29. The method of claim 4 in which the laserpulses form a via in a heterogenous 
target material including at least a first material having a relatively lower vaporization 
temperature and a second material having a relatively higher vaporization temperature. 

30. The method of claim 29 in which the first material comprises an organic resin 
and the second material comprises silicon dioxide. , 

31. The method of claim 30 in which the target comprises FR4, FR5. or chopped 

glass reinforced epoxy resin. 

32. The method of claim 29 in which the first material comprises an organic 
binder and the second material comprises ceramic micro-particles. 

33. The method of claim 32 in which the target comprises green ceramic. 

34. The method of claim 22 in which the at least two of the bursts have an equal 
number of pulses and similar instaneous power profiles. 
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35. The method of claim 22 in which the at least two of the bursts have an equal 
number of pulses and substantially different instaneous power profiles. 

36. The method of claim 22 in which at least one of the bursts of laser pulses 
comprises first, second, and third sequential pxilses having spikes of respective first, second, 
and third peak instantaneous powers wherein the second peak instantaneous power is greater 
than are either of the first and third peak instantaneous powers. 

37. The method of claim 1 in which the laser pulses are employed to remove a 
dielectric layer and in which solid-state UV laser outputs are employed to remove a metal 
layer overlying the dielectric layer. 

38. The method of claim 22 m which the laser pulses of at least two of the bursts 
are generated at different pulse repetition frequencies. 

39. The method of claim 22 in which at least two of the bursts comprise a 
different number of laser pulses. 

40. The method of claim 22 in which at least two of the bursts comprise first 
laser pulses havmg diflferent peak instantaneous powers. 

41 . The method of claim 22 in which at least two of the bursts comprise first 
laser pulses having about the same peak instantaneous powers. 

42. The method of claim 22, further comprising selecting the amount of the delay 
within at least one pumping span to produce at least one burst of laser pulses having a gain 
curve profile of increasing peak instantaneous powers. 

43. The method of claim 22, further comprising selecting the amount of the delay 
within at least one pumping span to produce at least one burst of laser pulses having a gain 
curve profile of decreasing peak instantaneous powers. 

44. The method of claim 22, further comprising selecting different amounts of the 
delay within at least two pumping spans to produce at least two bursts of laser pulses having 
a gain curve profiles of decreasing peak instantaneous powers and increasing peak 
instantaneous powers, respectively. 

45. The method of claim 22, further comprising selecting the amount of the delay 
within each pumping span to produce each burst of laser pulses to have substantially similar 
gain curve profiles of peak instantaneous powers. 

46. The method of claim 22, in which at least two of the pimiping spans have 
different durations. 
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47. The method of claim 22, in which each of the pumping spans have 

substantially similar durations. 

48. The method of claim 22, in which at least two of the pumping spans are 

pumped at different power levels. 

49. Hie method of claim 22, in which each of the pumping spans are pumped at 

substantially similar power levels. 

50. Hie metiiod of claim 22, in which at least two of the bursts result from 
supplying energy to the gas gain medium at different duty cycles. 

51. The method of claim 22, in which each of thebursts result from supplymg 
energy to the gas gain medium at substantially similar duty cycles. 

52. The method of claim 22, in which at least two of the laser pulses withm at 
least one burst have tails of different tail durations. 

53. Hie method of clahn 22, in which each of the laser pulses withm at least one 
burst have tails of substantially similar tail durations. 

54. The method of claim 22, in which at least two of the laser pulses withm each 

burst have tails of similar tail durations. 

5 5 The metiiod of claim 22, in which each of the laser pulses within a first burst 
have tailsofsubstantiaUysimilar tail durations and in which eachofthelaserpulseswito^^^ 

second burst have tails of substantially similar tail durations that are different from those of 

the laser pulses in the first burst. 

56 . The method of claim 22 in which the bursts of laser output are delivered at a 

burst repetition rate of greater than 1 kHz. 

57 The method of claim 1 in which flie resonator cavity has thermal load design 
liMt that limits a maximum amount of CW pumping energy per time that can be supplied to 
the gain medium at a duty cycle of 100% over a pump cycle period, such that the pump 
cycle period minus the pumping span equals a zero value, without adversely affectmg the 
resonator cavity and/or the energy dynamics of the gain medium, further comprismg: 

reducmg the duty cycle over the pump cycle period, such that the pump cycle penod 
minus the pumping span is a non zero value; and 

supplying a greater amount of pumping energy per time than the maximum amount 

of CW pumping energy per time. 

58 The method of claim 40 in which at least two of the burst having first laser 
pulses of different peak instantaneous powers also have delays of different amounts of time. 
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59. The method of claim 40 in which at least two of the bursts having &st laser 
pulses of different peak instantaneous powers also have pumping energies supplied at 
different rates. 

60. The method of claim 3 in which adjusting the pulse termination time controls 
an amount of energy delivered by the laser pulse. 

' 61. The method of claim 16 in which the pumping energy is supplied at a duty 
cycle of less than or equal to about 25 % . 

62. The method of claim 17 in which the pumping energy is supplied at a duty 
cycle of less than or equal to aboutl2.5% . 

63. The method of claim 24 in which the laser pulse has a high mode quality. 

64. The toethod of claim 22 in which a first burst has at least two longer laser 
pulses of a long tail duration generated at a high repetition rate and in which a second burst 
has at least two shorter laser pulses of a short tail duration that is shorter than die long tail 
duration, the shorter laser pulses being generated at a lower repetition rate than the high 
repetition rate. 

65. The method of claim 64 in which the delay in the second burst is shorter than 
that in the first burst. 

66. The method of claim 64 ui which the second burst has a duty cycle that is 
higher than that of the first burst. 

67. The method of claim 64 in which the fiurst burst is directed at a material that 
is highly reflective to IR laser radiation. 

68. The method of claim 64 in which the first burst is directed at a metallic 
material and the second burst is directed at a dielectric miaterial. 

69. The method of claim 7 in which the burst is directed at a dielectric material 
supported on and in proximity to a metallic material. 

70. The method of claim 1 in which at least one laser pulse having a tail duration 
of at least 3 microseconds are applied to a metallic material. 

71. The method of claim 22 in which at least two laser pulses having tail 
durations of at least 3 microseconds are applied to a metallic material. 

72. The method of claim 22 in which the laser pulses of at least two bursts form a 
via in a heterogenous target material including at least a first material having a relatively 
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lower vaporization temperature andasecondmaterialhavingarelati^^^^ 
temperature. 

73. Themethodofclaim72mwhichthefiistmaterialcoinprisesanorgamcresm 

andihe second material comprises siUcon dioxide. 

74. The method of claim 73 in which the target comprises FR4. 

75. Tlie method of claim 72 in which the first material comprises an organic 
binder and the second material comprises ceramic micro-particles. 

76 The method of claim 75 in which the target comprises green ceramic. 

77. The method of claim 64 m which the first burst has fewer pulses than the 
second burst. 

78. The method of claim 77 m which the first burst and the second burst deliver 

similar amonnts of energy to the target area. 

79. The method of claim 64 in which the first burst and the second burst dehver 

sinular amonnts of energy to the target area. 

80 Themethodof claim 77inwhichthesecondbnrsthasatleast 10 laser pulses. 

81 . Hie method of claim 77 in which the spikes of the first bnxst similar peak 

instantaneous powers. 

82. The method of claim 4 in which the spikes of the laser pulses have smnlar 

peak instantaneous powers. 

83 The method of claim 48, in which multiple target areas are processed with 
respectivebursts ofafirstpower level and thenthemultipletarget areas areprocessed with 

respective burstsofasecond power level different fix,m the first power level. 

84. The method of clahn 22 in which a first laser output is directed at a metalhc 

material and a second laser output is directed at a nomnetaUic material. 

85 Hie method of claim 1 in which the laser output comprises at least two bursts 
each having at least two laser outputs separated by a pulse delay during a single pumping 

span. ' 

86 The method of claim 1 in which the laser output comprises at least first and 

second sequential bursts each having at least two laser outputs separated by an intervening 
delay during a single pumping span, wherein the amount of delay impacts the amphtude of 
tbepeak instantaneous powerof the first laser pulseofthe first burst and the amount ofthe 

intervening delay impacts the ampUtude of the of the first laser pulse of the secondburst 

87. The melhod of claim 86 in which the delay and intervening delay are different 

amounts of time. 
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88. The method of claim 86 in which the laser pulses of fbrst and second bursts 
are delivered at different PRFs. 

89. The method of claim 22 in which the laser ou^uts each comprise at least first 
and second sequential bursts each having at least two laser outputs separated by an 
intervening delay during a single pumping span, wherein the amount of delay impacts the 
ampUtude of the peak instantaneous power of the first laser pulse of the first burst and the 
amount of the intervening delay impacts the amplitude of the of the first laser pulse of the 
second burst. 

90. The method of claim 89 in which the delay and intervening delay are different 
amounts of time. 

91. The method of claim 89 in which the laser pulses of first and second bursts 
are delivered at different PRFs. 

92. The method of claim 1 in which the laser system is employed in a CW mode 
having a 100% cycle to process the target area. 

93. The method of claim 22 in which the laser system is employed in a CW mode 
having a 100% cycle to process the target area. 

94. The method of claim 4 in which the laser system is employed in a CW mode 
having a 100% cycle to process the target area. 

95. The method of claim 1 in which at least one of or any combination of an RF 
pumping duty cycle, an RF pumping level, the delay, a pulse repetition firequency, the tail 
duration, a number of bursts within the laser output, a number of pulses within a burst, and/or 
number of bursts directed at a single target is adjustable to facihtate processing of a specific 
target material. 

96. The method of claim 22 in which at least one of or any combination of an RF 
pumping duty cycle, an RF pumping level, the delay, a pulse repetition firequency, the tail 
duration, a number of bursts within the laser output, a number of pulses within a burst, and/or 
number of bursts directed at a single target is adjustable to facilitate processing of a specific 
target material. 

97. In a CO2 laser system having a resonator cavity that includes a gas gain medium 
that in response to pumping energy supplied by a pumping source produces stimulated 
emission energy, a method for laser micromachining, comprising: 

supplying pumping energy, firom the pumping source at a pumping start time and 
throughout a pmnping span, to the gas gain medium within the resonator cavity; 
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C>s=^=«'-ft«^«^i3grea..*an.0^.^ns*ep^P»Bspa„.wh-» 

a^lnatorcavity Wudcs aad«.r^cdmo*Ua»*=. in^po^e .o an applied 
!::^,^lsa.>ea.«a»d^».a.esco„.sponains.ore.=cUv=.owaad 

ii^v^u^of optica. gai«ia^.reso.a«cavi^--i.ihe.es -p. wavefo^^ 

fi«s«»«.*=-o.da».a.a^ex«a«ion«toecau3e.ex«.onofeaeMaser 
ru.eaMe^«.»PpH»*sl«.a>6™*es=co„ds.a.U.*e^s,-.a.ap^^^ 

puls™iafl>«M»a«ato.m«rvdb*«««»P^=«'««-'-="»'''f=' 
e.^ontim^whadn«chla3erp«.seisoharacten»dbya.pikebav»gape^ 

inatantaneouspowerMov^dbyaUUhavi^arangeofuUiBsUnUn^uspow^abovea 

ch^9ngmeapp.iedsi^ftom.h.s«onds«.»th=«^^d«-»n.«..«>e,gy 

delivered by the laser pulses; and 

fectogtebu,s.oftola«rp,tosK.mnov.B,ge.materiaIa.a«rg«area. 

98 l,aCO,la.=rsy«temto™garcso.>^c,,i.y«tacl«d«ag.sgaMn«*»m 

tt^i„resp<».e,opwingenergys„ppUedbyapun,i«gsou,c,rod.cessti:™U.=d 

cmWonen«gy.amethodforlasermio»»«btamg.c<.mpmmg-, 

.pplyingpumpta|energy.6omtop-ping«»o.atap«mpmgsUrtbmea.^ 

toughou.ap™pmg^an,«>th=gaagammcdiM««i«ntotesonatorcavrty 

genljftomfte — cavityaias«ou.^ofabumofa.l.aa..«o.a^ 

p^,L«dtaga«las„p.lse,ots^™is.i<«.-e^^-*«-^^ 

!:Ustg.aIoa.e.a..eas.S.tandse.nd.a^»^.«^=*;elo»and 

M^valucs of optical ga^ta.be—cav,.yand«n.*l««ve^ 

cL.e,i.tic3 0feacMas.pul..wbe«inctanging*cappW™«b^3.^t-«^ 
«3«.e.o*e.conda.a.ea.ap.lse«.ncdonsUr,tim=ca.-e.«acUonof^laa« 

toe oaiHca .cnnmatioB of each laser p»l-. wb^cta each 
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characterized by a spike having a peak instantaneous power, wherein an amount of delay is 
introduced between the pumping start time and the pulse extraction time of the first laser 
pulse, and wherein the peak instantaneous power of the spike of at least the first laser pulse 
has a level that is impacted by the amount of the delay; and 

directing the burst of the laser pulses to remove target material at a target area. . 

99. The method of claim 98wherein the laser pulses are each characterized by a 
tail having a tail duration following the spike having a spike duration, the tail having a range 
of tail instantaneous powers above a nonzero value and the tail duration being substantially 
greater than the spike duration. 

100. The method of claim 98 in which at least 20 laser pulses are generated during 
the pumping span at a PRF of greater than about 100 kHz. 

101 . In a CO2 laser in which a resonator cavity characterized by an optical gain 
includes a gas gain medium and a Q-switch, the gas gain medium in response to pumping 
energy supplied by a pumping source producing stimulated emission energy, and the Q- 
switch in response to an applied switching signal controlling the optical gain of the resonator 
cavity and thereby controlling extraction of a pulse of stimulated emission energy firom the 
resonator cavity, the pulse of the stimulated emission energy having multiple waveform 
characteristics, a method of controlling one or more of the wavefonn characteristics, 
comprising: 

applying in sequence the pumping energy to produce stimulated emission energy and 
the switching signal to extract a pulse of the stimulated emission energy, the application of 
the pumping energy corresponding to a pumping start time and the appUcation of the 
switching signal corresponding to a pulse extraction start time; and 

introducing between the pumping start time and the pulse extraction start time a delay 
of an amount that causes production of stimulated emission energy in the gas gain medium to 
a level that causes, upon occunrence of the pxilse extraction start time, extraction of the pulse 
of stimulated emission energy characterized by an increase to a maximum peak power 
amplitude and a subsequent decrease to a range of local maximum tail power amplitudes of 
nonzero values, each of the maximum peak and the range of local maximum tail power 
amplitudes having a duration, and the duration of the maximxun peak power amplitude being 
substantially less than the duration of the range of local maximum tail power amplitudes. 

1 02. The method of claim 1 0 1 , in which an amount of the delay that is shorter or 
longer than a nominal amount causes extraction of a pulse of stimulated emission energy of a. 
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ampUmde caiBrt by the nonimal amount of to delay. 

103 Iiemelhodofolaim91,mwhichcha.gingthedelaybyashorterorlon6er 

causes extra^onofapulseofstta^tedenmsioa energy ofa.re^pec.ively.1^^^ 

greater madmum peak power ampUtnde. ^ 

1 04 The method claim 91. in wlich the switching signal chmges from a first state 
toaseconds,a.etha.corr=spo^«..r.sp.«ively,alow value andahi*, value ofteopBcal 
gainoftheresonatorcavity and it. whichatransitionb^ween the firs, and second sutes 
Lespondsto an occurrence of ,h.palsee^Hons.artitae.ta,herco,nprisingcon^^^^^^ 
U.eduraSonof thereof localma:dm.m,.ailpowerampUtudesbycon.romngadurat.onof 

the switching signal in the second state. 

105 . THe method of claim 91, in which the Q-switch includes an electro-optic 

modulator. 

106 1tomethodofclaim91,inwhichthepumpiugst.rttimeimtialesapumpmg 
span and in which,heapplyingins«r.en«.hepumping energy andth. switching signal 

extracts a firs, pulse of the stimulated emission energy, and «u*.r compdsfag applymg oue 
or more subsequent swiu=hing signals to e«raa a subsequent pulse of stimulated emisston 
^.ergycorrespondingto each ^hse,uentswiWungsis>alappUed«ngtop«npmg span. 

107 Themethodofclaim96.inwhicheachsubsequentpulseofstmiulaled 
e^ssion energy is characterizedby an increase toanaximumpe^powerampHtude, and 
tafcercompriringselectingfteamountofthedelaytoproduceaproffleofmaxtmumpeak 

ampUtudes of the first and subsequent pulses of stimulated emission energy. 

108 The method of claim 97, in which sdecting the detoy to be a shorter or longer 
amount causes extraction of to fetpolse of stimulated emission energy of a, respeohvely. 
lesser or greater maximum peak power amplitude. 

109 The method of claim 96. in wUA an amount of to deUy that is shorter than a 
^ amount causes extracUon of to fist and one of subsequent pulse, of stimulated 
emission energy of. respecdvely.alesserm»imump«.se energy tonamaximumpuls. 

energy caused by to nominal amount of to delay a»l a greater maxmrum pulse energy than 
^ lesser maximum pulse energy otto first pulse of stimulated emission energy. 

110 The method of claim 6. in which to amount of to delay tot is longer than a 
^ amount causes extraction of to first and one of subsequent pulses ots.imula.ed 
emission energy otrespectively.agreatermsximumpulse energy than.maximmnpulse 
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energy caused by the nominal amount of the delay and a lesser maximum pulse energy than 
the greater maximum pulse energy of the first pulse of stimulated emission energy. 
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